Conditions on exoplanets include elevated temperatures and pressures. The response of carbon-based biological macromolecules to such conditions is then relevant to the viability of life. The capacity of proteins and ribozymes to catalyse reactions or bind receptors, and nucleic acids to convey information, depends on them sampling different conformational states. These are determined by macromolecular vibrational states, or phonon modes, accessible using terahertz (THz: 10 12 Hz) absorption spectroscopy. THz spectra of biological macromolecules exhibit broad absorption at approximately 6 THz (equating to approx. 280 K) corresponding to dense transitions between phonon modes. There are also troughs at approximately 10 THz (approx. 500 K) implying diminishing numbers of available conformational states at higher temperatures; hence, fewer routes by which biochemical processes can be realized, as equilibrium is approached. Could this conformational bottleneck hinder the operation of biological macromolecules at higher temperatures? We suggest that the troughs at approximately 10 THz in absorbance spectra indicate that the hydrogen bonds, charge interactions and geometry of biological macromolecules associated with terrestrial life impose fundamental vibrational properties that could limit the upper temperature at which they may function.
Introduction
The identification of seven planets, found orbiting TRAPPIST-1, a dwarf star 40 light years from the solar system and potentially providing the conditions needed to sustain biological life [1] , adds to the catalogue of planets, which stands at several thousand [2] . As telescope technology develops, the catalogue of planetary systems can be expected to grow [3, 4] . Recent discoveries, including an Earth-size planet orbiting nearby (4.2 light years) star, Proxima centauri [5] , have focused interest on those factors which may limit life forms resembling, in their underlying biochemistry, those found on the Earth [6] . The biological requirements of life include the presence of molecules able to convey information and catalyse their own replication [7, 8] . This role, served by the interplay of DNA and proteins, may once have been mediated by RNA-based molecules (ribozymes) but, could have been satisfied earlier by simpler carbon-based macromolecules [9, 10] . Environmental factors considered critical to sustain life include light, protection from potentially damaging stellar winds, shielding from galactic cosmic rays, key chemical elements such as carbon, nitrogen, phosphorous, sulfur, potassium, sodium and calcium [11] , as well as trace elements [12] and the presence of liquid water. Two key parameters that relate to the presence of liquid water are temperature and pressure.
1.1. An upper limit for the temperature at which life can exist?
Owing to the importance of liquid water in supporting terrestrial life, many of the arguments in this debate involve consideration of its properties and these vary with the conditions, particularly atmospheric pressure. On the Earth, water in the vicinity of hydrothermal vents can experience elevated temperatures in excess of 600 K (3308C) [13, 14] without boiling, the result of high pressure in deep oceans, which can reach several hundred atmospheres. Extremophile organisms on the Earth can operate at temperatures as high as 1228C (395 K) [15] and the possibility of liquid water at elevated pressures raises the question whether an upper limit exists for the maintenance of life and what determines it? The fundamental response of biological macromolecules to temperature, then, may be relevant.
Probing vibrational states of macromolecules with terahertz spectroscopy
The capacity of biological macromolecules to undertake useful metabolic and signalling processes depends on them existing away from equilibrium [16] and maintaining the ability to sample different conformational states to allow recognition of substrate, receptor or self. These states are influenced by the intramolecular vibrational modes of macromolecules [17] , determined by the combination of charge-charge interactions, hydrogen bonds and geometry, and can be accessed experimentally using terahertz spectroscopy approximately between 1 and 10 THz (10 12 Hz). Phonon modes, which are distinct from the more familiar shorter-range vibrations and rotations, were proposed as a link between quantum mechanical and biological processes, by Herbert Fröhlich in the 1960s [18, 19] . Frö hlich noted that the propagation of electromagnetic radiation through a material containing dipoles, arising, in the case of biological macromolecules, from charged groups and hydrogen bonds, can result in two outcomes. The first are thermal effects, while the second arise from the storage of some energy in an excited state, which then propagates the wave through the material in a way analogous to the Bose-Einstein condensate of quantum mechanics. These states involve largescale molecular vibrations, in which energy is stored in deformations of hydrogen bonds and of bonds involved in altering the separation of charged groups. For different biological macromolecules, THz spectra (1-15 THz) are generally similar for dry samples [13, 14, [20] [21] [22] , consisting of broad absorbance rising steadily to approximately 6 THz, then dropping-off progressively, to a local trough at approximately 10 THz (figure 1). While probably not identical in all cases, this trough is similar for polysaccharides, proteins and polynucleic acids, which presumably arises from the similarities between them in terms of the interactions that determine their higher-order stabilization; charge-charge interactions and hydrogen bonds. There is evidence for both the existence of phonon modes and a strong damping effect due to water [22, 23] . The peak at 6 THz corresponds to the densest transitions between states, occurring close to terrestrial temperatures (via kT, 6 THz 108C) while the trough at 10 THz corresponds to a minimum of transitions between such states, at more elevated temperatures (10 THz 2308C) indicating that the system is at, or close to, equilibrium. This is followed by extensive absorbance with increasing frequency arising from collective vibrational modes, which do also depend on the hydration of the sample [24] . Whether the bottleneck between states, evident at 10 THz, hinders the operation of biological macromolecules at higher temperatures, is the question we pose here.
Macromolecular vibrations and metabolic processes
The adoption by biological macromolecules of conformational states with different energies is essential to enable the dynamic events that control catalysis and drive metabolism, or to define information flow through receptor signalling interactions and hence, enable life to be sustained [16, 20, 25] . Our contention is that the absence, or greatly reduced availability of such accessible, alternative conformations at elevated temperatures, may render the biological system incapable of undertaking those key processes. Absorption of THz radiation through the mechanism described above ( §1.2) implies that free energy, supplied by metabolic processes, can be stored and employed for biochemical work. Conversely, the paucity of available high energy conformational states implied by the trough at approximately 10 THz indicates that an equilibrium between states limits the entropic contribution (2TDS) of free energy to metabolic processes, precluding useful metabolic work at these higher temperatures.
Adaptation of terrestrial life forms to high temperature
The THz absorbance spectra of mammalian proteins would be expected to exhibit a peak at approximately 6 THz corresponding to 280 K, while those evolved at higher temperatures, such as proteins from thermophilic bacteria, may be expected to show maximal absorbance at higher THz frequencies, corresponding to higher optimal operating temperatures. Changes in the protein structure, including the incorporation of cysteine bridges, have indeed evolved in terrestrial proteins hindering their thermal denaturation; however, this is not the whole picture. While proteins from extremeophiles are thermodynamically more stable than those from their moderate thermophilic counterparts, each retains their globular fold to maintain appropriate operating temperatures [26] . Nevertheless, the upper temperature limits at which these proteins remain stable, as distinct from their optimum operating temperatures, are remarkably similar [27] . The trough at approximately 10 THz, exhibited by biological macromolecules, may therefore indicate an absolute upper limit (approx. 500 K; 2308C) at which life, based on materials similar to those found on the Earth, can exist. Given that access to previously unsampled conformational states is required for macromolecules to perform metabolic activity ( §1.3), the effective operating temperature may reside considerably below this absolute limit.
Conclusion
The potential link between free energy, generated through the metabolic processes of living organisms and facilitated by coherent excited states, has a history stretching back half a century [18] . The application of THz radiation to living systems is predicted to result in altered molecular vibrations, which themselves occur on similar THz timescales, and alter their biological activity. This has been tested, but the conclusions are unclear [19, [28] [29] [30] and, if strong coupling to water is indeed present [23] , the experimental application of external THz radiation may simply cause general excitation of many complex processes (as likely to be inhibitory as stimulatory), possibly explaining the absence of any clear effect in these experiments. The idea that biological macromolecules possess fundamental vibrational properties that effectively limit the upper temperature at which they may usefully operate has not, to the best of our knowledge, been addressed. The work of Bock et al. [31] in which THz radiation centred at 10 THz caused cellular effects (seemingly disproving our proposal) does not provide evidence to the contrary, however, because the experiment also employed other THz frequencies at which biological macromolecules absorb strongly.
The present-day self-replicating and self-regulating biological systems rely on the complex interaction of proteins, nucleic acids and polysaccharides. Earlier forms based on RNA as information-rich molecules capable of catalysis of their own replication have been proposed [30] , as have earlier (covalently linked) polymers of sugar phosphates or peptides bearing nucleic acids. Nevertheless, these all contained multiple dipoles and charges, hence, would be expected to exhibit similar properties to those described here. We suggest that the upper temperature limit for which life [32, 33] , based on similar biochemical principles to terrestrial life, has evolved may arise from the physico-chemical properties of biological macromolecules themselves largely independently of their environment.
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